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RESULTS OF TESTS IN THE AEDC VKF TUNNEL B 
USING THE PHASE CHANGE PAINT TECHNIQUE 

"ON 0.04 SCALE 50 PERCENT FOREBODY 
MODELS (82-0) OF THE ROCKWELL SPACE SHUTTLE 

ORBITER (OH50A) 
= 
Rockwell International Space Division — 
ABSTRACT 


This report presents model information and data from wind tunnel 


tests conducted on 0.04 scale 50 percent forebody models of the Rockwell | 


Space Shuttle Orbiter. ‘These tests were conducted in the AEDC Tunnel B eas 


using the phase change paint technique to determine aerodynamic heating. 


rates due to various protuberances and recessions. Angles of attack from 


20° through 45° were investigated at Mach 8. 
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NOMENCLATURE 


Definition 


local chord, in. 


| pte heat op meded material, BTU/1b-"F 
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_ eae film heat peanatae coefficient based on 


Rr, BIU/ft?-sec~" F 
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“theoretical stagnation point thin film heat. . 
transfer coefficient, BTU/ft2-sec-°F 


2 @neenet conductivity of model material, 
BTU/f£t-sec-” F 
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freestream Mach number 


| nose radius, ft 

freestream static pressure, psia 
stagnation pressure, pala 

Mach parameters, defined in. n context 


‘Prandtl number. 


theoretical stagnation. point heat transfer 


rate, BIU/ft?-sec 
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recovery factor 
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freestream temperature 


stagnation temperature 


adiabatic wall temperature 


| _ initial temperature 
paint phase change temperature 
thermal protection system 
“freestrean velocity, ft/sec : 
| “local velocity, ft/sec. 
“ dlatance coordinate along model. ws wall, ft oe 
“Orbiter water line, in * | 
model angle of attack, deg. 
defined in context 
ratio of specific heat of air 


loca? surface angle relative to 
_ freestream flow, deg. 2 
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NOMENCLATURE (Concluded) 


Definition 


local surface angle relative to model 


centerline, deg. 


yaw angle, degrees 
model material density, 1bm/ft® 


freestream air stagnation density, lbm/ft3 


air density along model wall, tbm/£t3 
freestream air density, lbm/ft-sec 
viscosity, 1bm/ft-sec_ 

freestream viscosity, Lbm/ft-sec 
hee viscosity along model wall, lbm/ft-sec 


Stagnation air viscosity, ibm/ft~-sec 
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INTRODUCTION 


| Tests were conducted on 0.04 scale models of the Shuttle Orbiter at 


Ge Arnold | Engineering Development Center, von Karman Facility, Tunnel B 


| These tests, designated OH50A, were conducted during two 8 hour shifts 


on March 29 and Ape 10, 1974. 


The models used were 0. 04 scale representations of aay the forward’ 


50 ‘percent of the pence based on Rockwell lines ¥L70-000140¢ Their 
model identity number is 82-0. Two of He models built had a ‘smooth ex~ 
ternal surface and two had various protuberances and recessions built in. 


The purpose oe these wind tunnel tests was to determine the effects 


of the protuberances and recessions at various Reynolds numbers and model. 


angles of attack ana yaw, Reynolds Aone was varied from 0.5 to 2.0 x 


to" /fe. Angie of attack was varied from 20° ‘tO 45° and yaw angle was Bee: 


‘GEO? 1 aan a ae Nominal Mach Atibet was 8, 0. 


The penne change pasar technique was used to determine heating rates. 


Six runs were also made with oil Flows. “The results are presented in on 


—— flgures 8c through gy. 
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CONFIGURATIONS INVESTIGATED 

The models used, number 82-0, were 0.04 scale representations of the 
forward 50 percent of the Orbiter. The configuration was defined by nOGe: | j 
welt lines control PReWEEE VL70-000140C., Model design and fabrication | | ° 
work was subcontracted to Lockheed ~ Huntsville, Alabama. 
¥ 
The models were cast in one piece Beree a Lockheed epoxy compound | | Bo 

called material LH. | The specific material composition was s considered pro- 
“prietary to Lockheed, but material properties needed 6x the data reduc : (ae L. 


tion were provided from material samples by a calibration ieee. : 
Dynatech, aa Cambridge, Massachusettes. | The models were cast about 
a hollow metal model sleeve with stiff foam used as a filler. Foam was 


used both to reduce the weight of the orbiter and to alleviate the fear 


that a solid material LH model would be prone to crack during manufacture. -__ _ 7 _ 
Figure 2 shows a model cross-section. | . 

Five models were used in this test. One was painted with a stripe : 
reference are re pieure: 3). to facilitate data reduction and analy- : 


sis by accounting for camera distortion and perspective. It was not used 
as a test article. Two eeieee had a smooth exterior surface while the | 
beciahad oct eehusdalaaiags and recessions added or machined onto 
heats Figures 4 15, and 6 show the locations of these surface a EES BOS a 
larities. “Figure 7, sheets 1-5, provides dimensional details of the ; 
Sroubevander iad ‘recessions. 

_— “Following is a3 list of the poten and recessions: ‘duplicated 


on “the two ) applicable models: 


CONFIGURATIONS INVESTIGATED (Continued) 


Item _ Shown in Figure 
Windshield -_ Do7 (nese) 
Hatch Window | 6,7 (sheet 3) 
RCS Fre Vent | | ; 6,7 (sheet 3) 
RCS Tank Compartment Vent | : 6,7 (sheet 3). 
Fuselage Cavity Vent (RH). | | 4,7 (sheet 1) 
Fuselage Cavity Vent (LH) | | Gg (eee 4) 
Forward RCS Thruster Parts (10) 45,6 
Escape Hatch | : Say ceneee 2) 
Upper Observation Window 5,7 (sheet 2) 
Vents — oo | 647 (sheet 4) 
| ‘Sublimator Vent (RH) 4,7 (sheet 1 
‘Sublimator Vent (LH) 6,7 (sheet 4) 
Mid Fuselage Vent we ; 6,7 (sheet 5) 
Cargo B Bay Vent : | 6,7 (sheet 5) 
Cargo Bay Door Gap Pee a 5 
Nose Landing Gear Door Gap_ | =e Bia 


Preflight Access aaa Star Tracker ae pra 
Fe DOOU Hingegic. co. ey | He? 6,7 (sheet 3) 


cargo Bay peor Bigs GT aheet 5) 


‘There: were no configuration variations on these models other than ju3 


with: or “without protuberances, so the only nomenclature used in the run 


a) 
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CONFIGURATIONS INVESTIGATED (Concluded) 


schedule was an "S" denoting a smooth model and a "P" for one with pro- 


tuberances. However, for information, the following nomenclature syn- 


bols had been assigned to the components of the configuration tested: 
Beg ~ 50% Body 
Gig se ncnnaey 


Dimensional data for these components are given in Table II. 
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INSTRUMENTATION 


Se Fein Sannin wes Pete enE for the test: 


1) One 70mm camera for each of the top, bottom, left , and 
7 Eee views. : 


(2) =A digital contact *eherouctey for recording model initial 


temperature. 


3) A video tape eSieviston set-up with capability for on- 
line monitoring and replay. | 
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TEST FACILITY DESCRIPTION 


Arnold Engineering Deve lopment Center (AEDC) is an Aix Force facii- 


ity in Tullahoma, Tenn. Tunnel B, used for this test, 


man Facility. Engineering and other technical operations in this tunnel 


are conducted by contractor personnel of ARO, Eres 


‘Tunnel Bis a continuous, closed circuit, variable density wind tun 


nel with an axisymmetric contoured nozzle and a 50-inch diameter test 


Section. — The ‘tunnel can be operated at a ‘nominal Mach number of 6 or §— 


at Stagnation pressures fea 20 to 300 and 50 to 900 psia, respectively, 
and at a stagnation temperature of up to 1350" R, ‘The model. may be in-. 
| jected into the tunnel for a test run and es retracted for model ine 


ing or model changes. without interrupting the tunnel flow. 


is in the von Kar- 
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The model was installed inverted in the tunnel. Just prior to each 2 
run, the initial temperature of the model was measured using a contact = i 
thermometer. This thermometer consisted of a thermocouple mounted at the : 
end of a probe which was placed against the model surface, — 7 =o f 
| Four cameras were set up to take continuous sequence pictures of the ee 
model top, bottom, left and right sides, However, it should be noted that __ 
not every view was significant on all runs. Therefore, for each run, iso- 
‘therms were drawn only for those views where useful data were obtained. 
After initial start-up, the tunnel was running continuously and flow 
. was alvays established in the test section. A freshly painted model, or~ 
 ginally in an injection chamber outside the tunnel, was injected to the 
| chamber. This injection chamber was sealed against air leakage to. the 
| tunnel and to the atmosphere. 
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toning ees oes 
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Continuous sequence pictures were taken ‘throughout the test period. 
The duration of the test period varied with the paint melt temperature 
; selected and estimated heating rates. After injection and retraction, the 


- model was removed from the sting and a freshly painted model installed aa fe 
its place, _. erat a # 


we fe aati aeg mince ig tem et 
ae * are 
Sores. Seer meter cereal eet. SATE 


«ty ‘ We, hada... oS ee 


DATA REDUCTION 


The Phase change paint technique is an approximate method of detbere_ 
mining aerodynamic heating rates from hypersonic wind tumnel tests. 
Briefly, it involves the spray application of a temperature—sensitlve 7 
paint to a model prior to installation in a wind tunnel. The paint dries 
in a thin coat of opaque solid which, when heated to a given temperature, 
will turn into a colorless liquid. Sudden exposure (by injection into 


the air flow) to a hypersonic airstream will initiate aerodynamic heating | 
of the model surface. The paint will melt (change phase) when the local 


surface temperature reaches tts calibrated melt temperature, ‘The prope 
gation of this melt line is recorded by a camers, which takes pictures at 
a& preset rate. Later, each frame is correlated with the amount of time 

the model had been in the flow to obtain aerodynamic heating rates. 

A paint stripe reference system was on one model. Pictures were 
taken of this model at the six angles of attack. ‘These pictures are pre- 
sented in this report so the actual position of various melt lines can be 
determined from the paint stripe model despite any distortion due to cam 
era perspective. Heating rates along ea each sia line are determined as 
described below: | | - 


Adiabatic wall temperature (n, yw was determined. "To obtain this, the 


ratio of adiabatic wall ‘temperature. to sac iar temperature > (Bo ) was 

“calculated by: Pr 

AW . 861 + .133 sig oe 55 : i" 

| where: “6 a+6 ? 
eae | a is the model. angle of attack 


A ae J is ‘the surface deflection relative to the model. centerline ; 7 


~ (usually zero or assumed zero) 


= “This ratio, Taw is called the ' ‘recovery factor" (05). “Tb represents a ~ 


the ratio of the free stream | ayn ree recovered at the “(wo cen) koe 
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DATA REDUCTION — (Continued) | 
Since Tp was measured, Tay Was determined from TAW . x Tp. 
: | | To 
Using Tay» the value of the parameter 7 was calculated: 
FF = Tp - “IN ; 
Pay Pay 


where: Le phase change paint melt teuperature (°F) 





Thy model initial temperature (°F) 
Tay adiabatic wall temperature 

‘Using i, Bis determined from an iterative solution of: 
Ll-f a (1- ert pB) 


“With B obtained from the above expression, ne heat transfer coefti— 
cient a was determined fron So 2 ont | , 






ey KPC, 
Where K = 


K = thermal conductivity of the model material ‘(Bru/Fr-st0—"P) 
p= density of model material ( Lbm/ft3) | 
Cp= specific heat of model. material (BE0/tb-*) 
t= time in seconds . 3 cis Hs! | 
‘The aerodynamic heating rate was calculated from ¢ q = h (Tay — Tp). 
; ‘The stagnation point heat transfer coefficient and beating rate are 
| calculated using the equations below: 


Hee 1686) ae * oy w) 055) 
7 mae =; ; (, C, and K for air) _ 
pyE air density along model wall (1m/ £03 + 
Age stagnation density (Xbm/2e3) a = 
| 2 awe air viscosity along model. wall (1b n/tt-sec ) | 
ee stagnation air viscosity (1d, /ft-sec) 


his= theoretical thin film heat transfer coefficient Goau/ re 
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“DATA REDUCTION - _ (Continued) 


a 
iJ H 


| es constant = 53.35 f 


ib R 
. mm. 
“gravitational constant = 32.2 [%q Fe 
(Be sec 4) 


= nose radius (Ft) | 
Fe-2b, , 


. 
| ti 


ne 


5 stagnation tenperature (° R) 


es oo) 
= [yea u 2] 


- ratio of specific heats (sir): 


~ 
J 


B 
nou 


= free stream Mach number 


eee 
YL 


"2 ie ey +1 
BP =. 

. P| | EES (y — 1) 
The theoretical stagnation point heating rate (45) is calculated 


4, = hs (Tay — Tpo) 


7 ‘Values of the material properties required for the data reduction’ © 
_ were obtained from samples of the material actually used when casting the 
models. These values were obtained Oi 8 calibration lab, Dynatech, 7, 
= 4 of cambridge, Massachusetts. ei | | 


a, 2S Because each nodel had & slightly different seb oie values, - | 
an average was used £0 ease the operational, problems involved in having — 

sets of data unique to each ar, ‘The following values were used in the - 
data reduction for all modeis: ee) ee a ee 
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‘DATA REDUCT ION - - (Cont inued) 





Data presented in this report were computed with two values of the 


ae aa =e aia : 
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| recovery factor for each run. One value was intended for use with data 
on the top and two sides. The other value, associated with bottom (wind- 


i ee i 2 a Plan as 
: : . ie 


ward) surface data, was established as a function of angle of attack. as ies 


The values used are given below: 
| _ Recovery Factor (m y/", a 


re ee ee ee "Windward “Sides. and Upper 
— Angle of Attack = = _Vbew Surface Views 
a ee © anges a 892 ek. ae — 
Ce Oe ee eee 
| 0s Oo ies Se et aioe ees GO% ; a3 
EBB, oI a 2 AR OS 2 ee 
os ren a Son cage = a oe 
The data presented in this report: are contour plots which show iso- 
‘thers for selected frames of data and corresponding tabulated data. | Un- 
der the e heading "GROUP" is the run number. ‘There are "contour r plots of four 


ey : = Wr ee . 


DATA REDUCTION — (Continued) 


camera views, top, bottom, and two sides. (Since the model was installed 


in an inverted position, the top camera recorded che orbiter bottom sur~ 
Fagen ) “Many runs a5 not have all views presented seegane tracings were 
made only when significant data were recorded. 


the extreme left column of the Listings indicate the camera view 


associated with the data; npop" andi eabes orbiter bottom surface (wind- 
ward. data), “ost indicates pilot’ s ; right, "NOS" the pilot! 8 ‘left, and 
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DATA REDUCTION - (Continued) 


series method of error propagation. 
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An accurate statement on the perini wae the data is impossible 
_ because ie is up to the J NSBIENS of the film reader as to where to trace 
the paint melt line. for a specific frame. A statement se possible for 
the heat transfer coefficient, H, on the tab data, ‘however. ‘This heat. 
‘transfer coefficient is ep panee from an equation and is a function of At, 
Pep Ts TA, and. Tpe. | 
| “Parameter - 7 Uncertainty (peebadt) 
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dependent ¢ on “the correctness of the assumption, for the value of the ee: 
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DATA REDUCTION - (Concluded) 


However, using the above listed uncertainties with the equation for 


the heat transfer coefficient H and taking the square root of the sum of 


the squares, the following uncertainties for H are determined: 


H uncertainty = 13% for Tpa 200°F 


“H uncertainty © 11% for Tp 200°F 
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TABLE II (Concluded) — 


MODEL COMPONENT :__CANOPY = Cyg 9 
_ GENERAL DESCRIPTION : 





: six lass panes in windshield. 








9,040 _ 
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(a) Paint Stripe and Protuberance Models 
Figure 8. - Model Photographs. 
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(bo) Smooth Model 
Figure 8, - Continued. 
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(c) Photograph of oil flow pattern on model right side 
Figure 8. - Continued. 
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(a) Photograph of oil flow pattern on model top from Group 61. 
Figure 8. - Continued. 
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(e) Photograph of oil flow pattern on model left side from Group 61. 
Figure 8. - Continued. 
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oil flow pattern on model right 
Figure 8. - Continued. 
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(n) Photograph of oil flow pattern on model left side from Group 62. 
Figure 8. - Continued. 
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(1) Photograph of oil flow pattern on model bottom from Group 62. 
Figure 8. - Continued. 
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(3) Photograph of oil flow pattern on model right 
Figure 8. - Continued. 
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(k) Photograph of oil flow pattern on model top from Group 63. 
Figure 8. - Continued. b 





: = tits ets Te Se Fis . by let 2 a RS eG bey tar beet reeece 13M : eek cee One “edited Bape ita Pirie aitchtbine dott belebhteoh Pe ote : eet or 4 
‘ 4 — 


, 


cS 


(1) 


OF. €3 


Photograph of oil flow pattern on model left side 
Figure 8. - Continued. 
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(2) Photograph of oil flow pattern on model bottom from Group 63. 
Figure 8. - Continued. 
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oil flow pattern on model right side from Group 64- 
Figure 8. - Continued. 
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(o) Photograph of oil flow pattern on model top from Group 64, 
Figure 8. - Continued. 
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(p) Photograph of oil flow pattern on model left side from Group 64. 
Figure 8. - Continued. 
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(q) Photograph of oil flow pattern on model bottom from Group 64, 
Figure 8. - Continued. 






4 
4 
3 

4 

r 

t 


2 


q ' 
7 

. : 
: $ 
, 

3 ; 
a 

ye 


GP. 6S 





(r) Photograph of oil flow pattern on model right side from Group 65. 
Figure 8. - Continued. 
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Photograph of oil flow pattern on model top from Group 65. 
Figure 8. - Continued. 
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(t) Photograph of oil flow pattern on model left 
Figure 8 - Continued. 
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Photograph of 011 Tfiow pattern on model bottom from Group 65. 
Figure 8. - Continued. 
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(v) Photograph of 


GP. G6 







~ Nite 


oil flow pattern on model right side from Group 66. 
Figure 8 - Continued. 
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(w) Photograph of oil flow pattern on model top from Group 66. 
Figure 8. - Continued. 
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oil flow pattern on model left side from Group 66. 


(x) Photograph of 


Figure 8. - Continued. 





(y) Photograph of oil flow pattern on model bottom from Group 66. 
Figure 8. - Concluded. 
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APPENDIX A. 


GRID TRACINGS 


GRID DESCRIPTIONS PAGES 
Orbiter Bottom View | | | a - 69-84 
Orbiter Right View a - 4 -_ — 85-109 
Orbiter Top View 35. 4 2, 110-135 ! 


Orbiter Left View _ re eee 


) Following are tracings of the reference grid photographs. Refer to — 


figure 3 for information on the locations of these lines. 


_ Because of camera replacement and realignment, three sets of grid — 


shots are associated with this test. They are indicated with a circled | 


number along the bottom of the tracing: (1) is for groups 1-27, (2) is —_ 


for groups 28-39, and (3) is for groups 40-60. _ 
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